SummaryMicroglial remodeling in the central nucleus of the amygdala contributes to chronic stress-induced visceral hypersensitivity via microglial p38 mitogen-activated protein kinase activation, glucocorticoid receptor dysfunction, and synaptic plasticity. Inhibition of microglial activity in the central nucleus of the amygdala is sufficient to attenuate stress-induced visceral hypersensitivity.

Irritable bowel syndrome (IBS) is a common and debilitating gastrointestinal disorder that is exacerbated by stress and characterized by abdominal pain and altered bowel movements in the absence of colonic mucosal damage.[@bib1]^,^[@bib2] The component of the stress response mediated by the hypothalamic-pituitary-adrenal axis activates the adrenal cortex to release cortisol in human beings or corticosterone in rodents (CORT). During episodes of stress, CORT binds to glucocorticoid receptors (GRs) to modulate the stress response. In patients with IBS, several brain regions in the hypothalamic-pituitary-adrenal axis such as the amygdala, thalamus, and prefrontal cortex are associated with emotional arousal, endogenous pain modulation, and gastrointestinal hyperactivity.[@bib3], [@bib4], [@bib5] In support of these clinical observations, our previous research in experimental models has shown that the central nucleus of the amygdala (CeA) is an important structure for mediating visceral nociception in response to stress.[@bib6], [@bib7], [@bib8]

Microglia are considered the innate immune cells in the brain, and maintain central nervous system (CNS) homeostasis in response to changes in their microenvironment such as immune challenge and stress. Microglia are extremely plastic and microglial activation has been associated with specific morphologic changes; during activation, microglia retract their processes, resulting in decreased occupied area and increased soma size.[@bib9] Although microglia in the CNS have been implicated as an important mediator of the stress response,[@bib10]^,^[@bib11] the role of microglia in the limbic brain, most notably the CeA, in the development stress-induced colonic hypersensitivity remains unknown. Therefore, the aim of the current study was to investigate whether chronic psychological stress modulates microglial plasticity in the CeA to drive a cascade of downstream cellular events that contribute to the development of stress-induced colonic allodynia and hyperalgesia. To address our experimental aim, we used a rodent model of water-avoidance stress (WAS), in which we and others have shown persistent colonic hypersensitivity to mechanical luminal distension.[@bib6]^,^[@bib8]^,^[@bib12]^,^[@bib13] By using the WAS model, we investigated the effect of stress on the morphologic appearance of microglia in the CeA to determine whether a psychological stressor is capable of inducing microglial remodeling. We also aimed to determine whether exposure to stress alters the expression of p38 mitogen-activated protein kinase (p38 MAPK) signaling, which has been shown to mediate cellular responses to environmental stimuli and is associated with nociceptive processing.[@bib14], [@bib15], [@bib16], [@bib17], [@bib18] In addition, activated p38 MAPK directly inhibit GR nuclear translocation and its function by blocking its ligand binding site, leading to microglial structural and functional remodeling.[@bib19], [@bib20], [@bib21] Therefore, we measured GR subcellular expression within the CeA microglia after WAS. Because activated microglia can modify neuronal activity via synaptic remodeling and release of inflammatory cytokines, we also quantified the microglia-mediated synaptic engulfment in rats subjected to chronic WAS, and assessed cytokine expression levels in the CeA. Finally, we hypothesized that pharmacologic modulation of microglial activity within the CeA would modulate colonic sensitivity. Therefore, we microinjected either minocycline to inhibit or fractalkine to activate microglia into the CeA stereotaxically, and assessed colonic sensitivity via a visceromotor response (VMR) to isobaric graded pressures of tonic colorectal distension (CRD) in freely moving animals.

Our findings confirmed that daily exposure to a psychological stressor induces colonic hypersensitivity in a rodent model. We then advanced these observations by providing novel experimental support to suggest that stress induces visceral pain, in part, through a mechanism involving microglia-mediated neuronal remodeling in the CeA via p38 MAPK activation and GR dysfunction.

Results {#sec1}
=======

Daily WAS Increases Fecal Pellet Output and Induces Colonic Hypersensitivity {#sec1.1}
----------------------------------------------------------------------------

Animals subjected to WAS 1 hour per day for 7 consecutive days showed an increased number of fecal pellets during WAS ([Figure 1](#fig1){ref-type="fig"}*B*) (n = 10; *P* \< .0001) and mean fecal pellet output (FPO) ([Figure 1](#fig1){ref-type="fig"}*C*) (*P* \< .0001) as compared with SHAM. This significant increase of FPO suggests that animals did not habituate to the repetitive WAS procedure. Animals subjected to WAS also showed a greater VMR at distension pressures of 40 mm Hg (n = 10; *P* = .0033) and 60 mm Hg (*P* \< .0001) as compared with SHAM controls ([Figure 1](#fig1){ref-type="fig"}*D*).Figure 1**Repeated WAS induced visceral hypersensitivity in rats.** (*A*) The in vivo experimental design. (*B*) Daily FPO (n = 10 per group, all *P* \< .05). (*C*) Average FPO over 7 days. (*D*) Visceral sensitivity was assessed by quantification of abdominal contractions in response to tonic CRD (n = 10 per group). Data are presented as the means ± SD. ∗*P* \< .05, ∗∗*P* \< .01, ∗∗∗*P* \< .001, ∗∗∗∗P \< .0001.

Morphologic Characterization of Microglial Plasticity in the CeA After Repeated WAS {#sec1.2}
-----------------------------------------------------------------------------------

To examine the plasticity of microglia in the CeA after exposure to chronic stress, microglia were labeled using a microglial-specific marker, Ionized calcium binding adaptor molecule 1 (Iba-1)[@bib22] ([Figure 2](#fig2){ref-type="fig"}*A* and *B*), and the microglial morphology was classified into 4 subtypes: ramified, primed, reactive, and amoeboid.[@bib23] Ramified microglia were characterized as highly branched cell processes ([Figure 2](#fig2){ref-type="fig"}*C* and *D*, arrows) with small cell bodies, whereas activated microglia possessed thickened and retracted branches with enlarged cell bodies ([Figure 2](#fig2){ref-type="fig"}*C--F*).[@bib24] Animals subjected to WAS had a smaller ratio of ramified microglia (n = 7; *P* \< .0001) and a greater ratio of reactive microglia (*P* = .0164) as compared with control ([Figure 2](#fig2){ref-type="fig"}*G*). However, no change was observed in the total number of microglia between WAS and SHAM ([Figure 2](#fig2){ref-type="fig"}*H*) (n = 7; *P* = .1694). To examine whether chronic WAS induced microglial morphologic changes that are specific to the CeA, we investigated microglial morphology in the caudate putamen, which is not involved in the central regulatory circuit of stress-induced visceral pain.[@bib25] Our data showed that there was no change in microglial morphology (n = 7; all *P* \> .05) or density (n = 7; *P* = .56) in the caudate putamen after exposure to WAS compared with SHAM controls ([Figure 2](#fig2){ref-type="fig"}*I* and *J*). To investigate CeA microglial morphology after WAS exposure further, soma size ([Figure 3](#fig3){ref-type="fig"}*A* and *B*) and process occupied area ([Figure 3](#fig3){ref-type="fig"}*D* and *E*) also were measured. Compared with SHAM, exposure to WAS increased the mean soma size of microglia in the CeA ([Figure 3](#fig3){ref-type="fig"}*C*) (n = 7; *P* = .0002) and decreased their process outgrowth area ([Figure 3](#fig3){ref-type="fig"}*F*) (n = 7; *P* \< .0001). All of these observations indicate that chronic WAS induced microglial deramification in the CeA.Figure 2**WAS altered microglial morphology in the CeA.** (*A* and *B*) Iba-1/4′,6-diamidino-2-phenylindole (DAPI) (red/blue) immunofluorescence staining in the CeA of (*A*) SHAM and (*B*) WAS animals. (*C--F*) Enlarged images of representative (*C*) ramified, (*D*) primed, (*E*) reactive, and (*F*) amoeboid subtypes in panels *A* and *B*. *Arrows* in *C* and *D* point to microglial processes. *C*-*F* are higher magnification of of C\'-F\' in panels *A* and *B*. (*G*) Ratio of microglial subtypes in the CeA after exposure to SHAM or WAS. (*H*) Quantification of microglial cell density in the CeA (n = 7 per group). (*I*) Ratio of microglial subtypes in the caudate putamen after exposure to SHAM or WAS. (*J*) Quantification of microglial cell density in the caudate putamen (n = 7 per group). Data are presented as the means ± SD. *Scale bars*: 20 μm.Figure 3**WAS induced microglial deramification in the CeA.** (*A* and *B*) Representative images of microglial from (*A*) SHAM and (*B*) WAS showing measurement of soma size (outlined by *yellow solid line*). (*C*) Quantification of microglial soma size (n = 7 per group). (*D* and *E*) Measurement of microglial process occupied area from (*D*) SHAM and (*E*) WAS (*green dashed line*). (*F*) Quantification of the microglial process occupied area (n = 7 per group). Data are presented as the means ± SD. *Scale bars*: 20 μm.

WAS Increased Microglial Phospho-p38 MAPK Expression in CeA {#sec1.3}
-----------------------------------------------------------

To investigate whether microglial p-38 is activated in the CeA after WAS, we co-labeled phosphorylated-p38 (phospho-p38) with Iba-1. After exposure to chronic WAS, an increase in phospho-p38 expression in the CeA was observed compared with SHAM (compare [Figure 4](#fig4){ref-type="fig"}*A* and *G*). In the merged images, increased phospho-p38--positive microglia were observed ([Figure 4](#fig4){ref-type="fig"}*A--C* and *G--I*, arrows; and *D--F* and *J--L*). In the quantification analysis, the phospho-p38--positive area in the microglia was increased significantly in the CeA ([Figure 4](#fig4){ref-type="fig"}*M*) (n = 7; *P* \< .0001), suggesting that repeated WAS activated microglial p-38 MAPK in the CeA. In addition to microglia, we also observed an increase in phospho-p38 expression in Iba-1--negative cells ([Figure 4](#fig4){ref-type="fig"}*A*, *C*, *G*, *I*, arrowheads). To identify the Iba-1--negative cells expressing phospho-p38, we co-labeled them with neuron marker Neuronal Nuclei and astrocyte marker glial fibrillary acidic protein. In the CeA, phospho-p38 was expressed in neurons ([Figure 4](#fig4){ref-type="fig"}*N--R*) but not astrocytes ([Figure 4](#fig4){ref-type="fig"}*T--X*). Quantitative analysis showed that after exposure to chronic WAS, the expression of phospho-p38 was increased in neurons in the CeA ([Figure 4](#fig4){ref-type="fig"}*S*) (n~SHAM~ = 6, n~WAS~ = 7; *P* = .0005). This observation suggests that chronic stress activated p38 MAPK expression in both microglia and neurons.Figure 4**WAS increased microglial phospho-p38 MAPK expression in the CeA.** (*A--L*) Co-labeling of phospho-p38 (green) with Iba-1 (red) in the CeA of (*A--F*) SHAM and (*G--L*) WAS animals showing phospho-p38 expression in microglia (*arrows*) and Iba-1--negative cells (*arrowheads*). (*D--F*) Higher magnification of *boxed areas* in panels *A--C*. (*J--L*) Higher magnification of *boxed areas* in panels *G--I*. (*M*) Quantification of phospho-p38 expression (% volume) in Iba-1--positive cells (n = 7 per group). (*N--R*) Co-labeling of phospho-p38 (green) with Neuronal Nuclei (NeuN) (red) showing phospho-p38 expression in neurons (*arrows*) and non-neuronal cells (*arrowheads*). (*S*) Quantification of phospho-p38 expression (% volume) in neurons. n~SHAM~ = 6, n~WAS~ = 7. (*T--X*) Co-labeling of phospho-p38 (green) with glial fibrillary acidic protein (GFAP) (red) showing phospho-p38 expression in GFAP-negative cells (*arrowheads*). (*Q*, *R*, *W*, and *X*) Higher magnification of *boxed regions* in panels *N*, *P*, *T*, and *V*, respectively. Data are presented as the means ± SD. *Scale bars*: 20 μm.

WAS Compromised Microglial GR Translocation in the CeA {#sec1.4}
------------------------------------------------------

Ligand-bound GR undergoes translocation from the cytoplasm to the nucleus and functions as a transcription factor, whereas phospho-p38 inhibits GR nuclear translocation.[@bib26]^,^[@bib27] Here, we examined whether chronic stress altered microglial GR expression in the CeA by examining the GR subcellular localization. Double immunofluorescence labeling of Iba-1 and GR was conducted and the expression ratio of GR in the cytoplasm (co-localizes with Iba-1) and in the nucleus (co-localizes with 4′,6-diamidino-2-phenylindole) were measured. After exposure to 7-day WAS, the cytoplasmic GR ratio was increased significantly compared with SHAM, whereas nuclear GR was decreased ([Figure 5](#fig5){ref-type="fig"}*A--F* and quantified in *G*) (n = 5; *P* = .0041). These data indicate that exposure to chronic WAS compromised microglial GR nuclear translocation in the CeA.Figure 5**WAS inhibited microglial GR nuclear translocation in the CeA.** (*A--F*) Selected slices from z-stack images show co-labeling of GR (green) with Iba-1 (red) in the CeA of (*A--C*) SHAM and (*D--F*) WAS animals. The *white dashed line* indicates the outline of nuclei (4′,6-diamidino-2-phenylindole \[DAPI\] staining). (*G*) Ratio of microglial GR expression in the cytoplasm and nucleus (n = 5 per group). Data are presented as the means ± SD. *Scale bars*: 10 μm.

WAS Increased Microglia-Mediated Synaptic Remodeling Without Changing Proinflammatory Cytokine Messenger RNA or Protein Levels in the CeA {#sec1.5}
-----------------------------------------------------------------------------------------------------------------------------------------

Activated microglia have been reported to affect neuronal activity through modifying synapse density directly.[@bib28] To examine whether chronic stress-induced microglial activation contributes to synaptic plasticity in the CeA, the postsynaptic protein marker postsynaptic density protein 95 (PSD95) was co-labeled with Iba-1 ([Figure 6](#fig6){ref-type="fig"}*A--P*). The number of PSD95-positive puncta in each microglia through all slices of the z-stack image was quantified after exposure to WAS or SHAM. In the SHAM animals, PSD95-positive postsynaptic spines were adjacent to, but not co-localized within, Iba-1--positive microglia ([Figure 6](#fig6){ref-type="fig"}*A--E*, arrowheads, generated maximum intensity projection image in 6*F--H*), whereas in animals exposed to chronic WAS increased postsynaptic spines were observed within the microglial process and cell body ([Figure 6](#fig6){ref-type="fig"}*I--M*, arrows, generated maximum intensity projection image in 6*N--P*; quantification in 6*Q*) (n~SHAM~ = 6, n~WAS~ = 7; *P* \< .0001). This result suggests that after chronic WAS exposure, microglia-mediated engulfment of postsynaptic spine was increased in the CeA.Figure 6**WAS exposure increased synaptic engulfment by microglia in the CeA.** (*A--P*) Co-labeling of PSD95 (green) with Iba-1 (red) in the CeA of (*A--H*) SHAM and (*I--P*) WAS animals. (*A--E* and *I--M*) Selected slices from z-stack images indicate PSD95-positive puncta overlapping (*arrows*) or not overlapping with (*arrowheads*) Iba-1. The numerals in the lower right corner in each panel indicate the distance (μm) below (-) or above (+) the center focal plate of the z-stack image. (*F--H* and *N--P*) Generated maximum intensity projection (MIP) images. (*Q*) Quantification of PSD95-positive puncta in Iba-1--positive cells. n~SHAM~ = 6, n~WAS~ = 7. (*R--T*) Quantitative PCR analysis showing the relative mRNA expression level of IL1β (n = 10 per group), TNFα (n = 10 per group), and IL6 (n~SHAM~ = 4, n~WAS~ = 6) in the CeA. (*U--W*) IL1β, TNFα, and IL6 concentration in the CeA (n = 6 per group). Data are presented as the means ± SD. *Scale bars*: 10 μm.

In addition to synaptic remodeling, activated microglia release cytokines to regulate neuronal activity.[@bib29] To investigate whether WAS-induced microglial activation has any effect on the messenger RNA (mRNA) production of the proinflammatory cytokines in the CeA, quantitative polymerase chain reaction (PCR) was conducted to measure the expression of interleukin (IL)1β, tumor necrosis factor (TNF)α, and IL6. After exposure to repeated WAS, mRNA level of IL1β (n = 10; *P* = .71), TNFα (n = 10; *P* = .51), or IL6 (n~SHAM~ = 4, n~WAS~ = 6; *P* = .81) was not changed in the CeA ([Figure 6](#fig6){ref-type="fig"}*R--T*). In light of this unchanged cytokine profile we quantified cytokine protein production in the CeA via a Luminex assay for 23 cytokines (Bio-Rad, Hercules, CA). After WAS exposure, no change was observed in all 23 measured cytokine proteins, including IL1β, TNFα, and IL6 ([Figure 6](#fig6){ref-type="fig"}*U--W*, [Table 1](#tbl1){ref-type="table"}) (n = 6; *P*~IL1β~ = 0.61, *P*~TNFα~ = .85, *P*~IL6~ = .37), which confirmed our transcription data from quantitative PCR analysis. This result suggests that cytokine production in the CeA was not affected after exposure to chronic WAS.Table 1Cytokine Protein Levels in the CeA After Exposure to WASSHAMWAS*P* valueSHAMWAS*P* valueIL1α0.011 ± 0.0040.011 ± 0.001.91MCSF0.012 ± 0.0020.012 ± 0.001.94IL218.328 ± 6.45915.072 ± 2.290.27GCSF0.016 ± 0.0020.015 ± 0.003.71IL40.017 ± 0.0020.016 ± 0.001.44VEGF0.046 ± 0.0180.049 ± 0.011.72IL50.024 ± 0.0270.023 ± 0.017.93GMCSF0.132 ± 0.0300.114 ± 0.024.29IL70.230 ± 0.1200.189 ± 0.066.49GRO KC0.015 ± 0.0050.015 ± 0.005.90IL100.022 ± 0.0050.021 ± 0.004.74RANTES0.044 ± 0.0110.046 ± 0.008.70IL12p700.251 ± 0.0620.262 ± 0.038.71Interferon-γ0.115 ± 0.0160.110 ± 0.017.61IL130.095 ± 0.0260.097 ± 0.017.86MCP-10.161 ± 0.0240.165 ± 0.034.82IL17α0.112 ± 0.0210.116 ± 0.011.63MIP-1a0.005 ± 0.0020.005 ± 0.001.97IL181.900 ± 0.1761.889 ± 0.195.92MIP-3a0.004 ± 0.0010.004 ± 0.0002.79[^1][^2]

Minocycline Reverses Stress-Induced Visceral Hypersensitivity and Inhibited Stress-Induced Microglial Activation and Microglia-Mediated Synaptic Remodeling {#sec1.6}
-----------------------------------------------------------------------------------------------------------------------------------------------------------

To examine whether the activation of microglia in CeA is responsible for stress-induced visceral hypersensitivity, we used a pharmacologic approach in which microglia activity was inhibited by direct stereotaxic infusion of minocycline into the CeA preceding daily WAS exposure ([Figure 7](#fig7){ref-type="fig"}*A* and *B*). Our data suggest that daily infusions of minocycline into the CeA before WAS exposure was sufficient to inhibit microglial activation and reverse the stress-induced visceral hypersensitivity ([Figure 7](#fig7){ref-type="fig"}*C*) (n~WAS+vehicle~ = 6, n~WAS+minocycline~ = 10; *P*~20mm\ Hg~ = .0005, *P*~40mm\ Hg~ = .002, *P*~60mm\ Hg~ \< .0001), indicating the role of microglia in limbic brain-mediated visceral hypersensitivity.Figure 7**Infusion of minocycline into CeA reversed stress-induced microglial deramification and visceral hypersensitivity.** (*A*) Experimental design. (*B*) Illustrated image showing the cannula position above the CeA and delivery of vehicle or minocycline into CeA. (*C*) VMR to CRD in vehicle- (VEH) and minocycline- (MC) infused animals after WAS. n~WAS+VEH~ = 6 per group, n~WAS+MC~ = 10 per group. (*D*) Ratio of microglial subtypes in the CeA of vehicle- or minocycline-infused animals after exposure to WAS. (*E--J*) Co-labeling of phospho-p38 (green) and Iba-1 (red) in the CeA showing phospho-p38 expression in Iba-1--positive (arrows) and Iba-1--negative (arrowheads) cells after infusion of (*E--G*) vehicle- and (*H--J*) minocycline. (*K*) Quantification of phospho-p38 expression (% volume) in microglia (n = 5 per group). (*L*) Ratio of GR expression in the cytoplasm and nucleus after vehicle or minocycline infusion (n = 5 per group). (*M*) Quantification of PSD95-positive puncta in Iba-1--positive cells in the CeA (n = 5 per group) (*N*) Representative images of apoptosis assay in the CeA of SHAM and WAS animals (n = 5/group). Data are presented as the means ± SD. *Scale bars*: 50 μm.

To investigate whether microglial activity was altered by minocycline after exposure to chronic stress, microglial morphology as well as phospho-p38 expression was examined. After 7 days of infusion, minocycline decreased the ratio of reactive microglial subtypes (n = 5; *P* = .0079) and increased the ratio of ramified microglia (*P* \< .0001) in the WAS group compared with the vehicle-infused animals ([Figure 7](#fig7){ref-type="fig"}*D*). Furthermore, infusion of minocycline into CeA was sufficient to decrease microglial phospho-p38 expression in response to WAS ([Figure 7](#fig7){ref-type="fig"}*E--K*) (n = 5; *P* = .0001). Phospho-p38 MAPK inhibits GR nuclear translocation via blocking its ligand binding site.[@bib21] To investigate whether infusion of minocycline also reversed stress-induced GR cytoplasmic accumulation, GR expression in microglial cytoplasm and in the nucleus was examined. In WAS-exposed animals, infusion of minocycline decreased the ratio of cytoplasmic GR expression (n = 5; *P* = .0051), and increased nuclear GR expression (*P* = .004) in the CeA compared with vehicle-infused animals ([Figure 7](#fig7){ref-type="fig"}*L*). Furthermore, to investigate microglia-mediated synaptic remodeling after administration of minocycline, PSD95-positive puncta in each microglia were quantified. Infusion of minocycline decreased the number of postsynaptic spines in each microglia (n = 5; *P* = .0003) in the CeA of WAS animals, suggesting that microglia-mediated synaptic engulfment was attenuated by minocycline ([Figure 7](#fig7){ref-type="fig"}*M*). To eliminate the possibility that minocycline decreased visceral sensitivity through protecting neurons from cell death,[@bib30], [@bib31], [@bib32] we applied apoptosis analysis in the CeA from animals in the WAS and SHAM groups. No cell death was apparent in the CeA from WAS- and SHAM-treated animals ([Figure 7](#fig7){ref-type="fig"}*N*) (n = 5), suggesting that minocycline administration in the CeA eliminated stress-induced visceral hypersensitivity by decreasing microglial activity, rather than preventing neuronal apoptosis.

Fractalkine Increased Visceral Sensitivity and Induced Microglial Morphologic Alteration and Phospho-p38 Up-Regulation in SHAM Rats {#sec1.7}
-----------------------------------------------------------------------------------------------------------------------------------

To further associate microglial activation in the CeA to the development of visceral hypersensitivity, a microglial activator, fractalkine was infused stereotaxically into the CeA. After 7 days of infusion in SHAM-stressed rats ([Figure 8](#fig8){ref-type="fig"}*A*), fractalkine induced visceral hypersensitivity ([Figure 8](#fig8){ref-type="fig"}*B*) (n = 6; *P*~20mm\ Hg~ = .0145, *P*~40mm\ Hg~ = .0003, *P*~60mm\ Hg~ \< .0001), in comparison with vehicle-infused SHAM animals. To examine whether fractalkine infusion activated microglia, we examined microglial morphology as well as microglial phospho-p38 expression in the CeA. Fractalkine decreased ramified (n = 6; *P* \< .0001) and increased reactive (*P* \< .0001) microglial subtypes in the CeA ([Figure 8](#fig8){ref-type="fig"}*C*). Fractalkine also increased phospho-p38 expression in the microglia compared with vehicle-infused SHAM rats ([Figure 8](#fig8){ref-type="fig"}*D* and *E--J*, arrows) (n = 6; *P* \< .0001). These results indicate that activating microglia in the CeA is sufficient to induce visceral hypersensitivity in nonstressed animals.Figure 8**Infusion of fractalkine into CeA-induced microglial deramification and visceral hypersensitivity in stress-naïve animals (n = 6 per group)**. (*A*) The experimental design. (*B*) VMR to CRD of vehicle- or fractalkine- (FNK) infused animals after exposure to SHAM. (*C*) Ratio of microglial subtypes in the CeA. (*D*) Quantification of phospho-p38 expression (volume %) in microglia in the CeA. (*E--J*) Representative immunofluorescence images of phospho-p38 (green) co-labeling with Iba-1 (red) showing phospho-p38 expression in Iba-1--positive (*arrows*) and Iba-1--negative (*arrowheads*) cells after infusion of (*E--G*) vehicle or (*H--J*) fractalkine. Data are presented as the means ± SD. *Scale bars*: 50 μm. VEH, vehicle.

Discussion {#sec2}
==========

Our previous research showed that the limbic brain, specifically the CeA, is implicated strongly in the development of stress-induced visceral hypersensitivity.[@bib8]^,^[@bib33] However, the cellular mechanisms within the CeA driving visceral hypersensitivity remain to be elucidated. In the current study, our goal was to test the hypothesis that microglia in the CeA contribute to chronic stress-induced visceral nociceptive processing. Microglia in the limbic brain has been associated previously with stress-induced anxiety and depressive-like behaviors, while spinal microglia contribute to chronic stress-induced visceral pain.[@bib18]^,^[@bib34], [@bib35], [@bib36], [@bib37] However, the current study shows that microglia in the amygdala, specifically the CeA, regulate visceral nociception after exposure to chronic psychological stress. In our initial studies we found that after repetitive daily exposure to water avoidance, microglia in the CeA undergo a morphologic change to become deramified. In addition to morphologic alteration, we also found increased microglial phospho-p38 MAPK expression and a decreased ratio of nuclear GR, indicating the potential molecular mechanisms involved in the microglia structural and functional plasticity that are associated with stress response. Moreover, the number of postsynaptic marker PSD95-positive puncta in the microglia was increased in the CeA from stressed animals, suggesting a microglia-mediated synaptic remodeling. Although these findings were sufficient to highlight an important role for microglia in the CeA in response to chronic stress, our next experiments aimed to assess whether the deramified microglia in the CeA contribute to stress-induced nociceptive behavior. We showed that microinfusion of minocycline (a microglial inhibitor) directly into the CeA reversed the microglial morphologic change, prevented the microglia-mediated synaptic engulfment, and reversed the visceral hypersensitivity induced by chronic stress. Conversely, infusion of fractalkine (a microglial activator) induced microglial remodeling and colonic hypersensitivity in nonstressed rats (SHAM). Taken together, our results provide compelling evidence that chronic stress induces microglial structural and functional remodeling in the amygdala to mediate visceral nociceptive behaviors. These findings show an important role of supraspinal microglia in stress-induced brain and gut dysfunction, providing a novel potential target in treating IBS patients with visceral pain that is worsened during episodes of stress.

In the current study, we specifically focused on microglial plasticity in the CeA. We selected this brain region based on prior evidence from our laboratory as well as from others suggesting that the CeA is a key brain region that regulates both stress and visceral nociceptive responses.[@bib7]^,^[@bib38], [@bib39], [@bib40] In rats, we found that exposure of the CeA to increased levels of CORT was sufficient to induce visceral hypersensitivity as well as decrease GR and increase corticotropin-release factor (CRF) expression.[@bib25]^,^[@bib41]^,^[@bib42] In the WAS model, similar changes in GR and CRF expression were observed, while CRF knockdown in the CeA inhibited stress-induced visceral hypersensitivity, suggesting the CeA serves a critical function in regulating visceral nociception.[@bib8] In the current study we showed that changes in microglial morphology and neuronal remodeling in the CeA was sufficient to induce visceral hypersensitivity, whereas infusion of a microglia inhibitor into the CeA reversed WAS-induced visceral hypersensitivity, pointing to the pivotal involvement of amygdala microglia in stress-induced visceral pain.

In an attempt to model a chronic psychological stressor, in the current study we exposed animals to repeated water avoidance, which has been associated with the development of colonic hypersensitivity to mechanical distension.[@bib6]^,^[@bib8]^,^[@bib12]^,^[@bib13] Our results showed that after the exposure to WAS, microglia in the CeA transition from a ramified morphology with a small cell body and extended processes toward the more reactive morphology with enlarged microglial soma size and decreased microglial process occupied area. In addition, we analyzed the total number of microglia in the CeA. Interestingly, we found no change in the total number of microglia between WAS-exposed animals and SHAM controls, suggesting that chronic WAS induced microglial deramification in CeA without increasing the cell number. In support, a previous study showed that chronic restraint stress alters the microglial density and morphology in multiple stress-responsive brain regions, whereas the amygdala showed no differences in microglia counts between control and stressed animals.[@bib43]

A number of previous studies have shown that p38 MAPK regulate microglial activity in the CNS in response to neuropathic pain and traumatic brain injury.[@bib44], [@bib45], [@bib46] However, to our knowledge, the role of p38 MAPK in the CeA in response to chronic psychological stress remains unexplored. Thus, in our next series of experiments we aimed to investigate whether activation of microglial p38 in the CeA occurs in response to chronic psychological stress. Our findings showed that chronic stress increased phospho-p38 MAPK expression in Iba-1--positive cells, which is consistent with previous reports in the spinal cord after injury or chronic stress.[@bib18]^,^[@bib47] Our double immunofluorescence labelling showed that phospho-p38 also is expressed in neurons but not in astrocytes. Although we are not able to identify which cell type initially activated p38 MAPK in our model, one possibility is that after chronic stress, neuronal phospho-p38 expression is triggered by activated microglia. In the brain, activated microglia has been shown to modify synaptic elements by activating neuronal p38 MAPK.[@bib48] However, with the current experimental design, we were not able to exclude the possibility that neuronal p38 MAPK was activated independently of microglial p38, and that this contributed to stress-induced visceral hypersensitivity.

We found that stereotaxic infusion of minocycline, a microglial inhibitor, into the CeA reversed stress-induced microglial phospho-p38 MAPK expression. This observation, together with our finding that minocyline attenuated stress-induced visceral hypersensitivity, supports our claim that suppressing the increase of phospho-p38 could be one of the mechanisms by which minocycline inhibits visceral hypersensitivity after exposure to chronic WAS. In support, microinfusion of fractalkine, a microglial activator, increased microglial phospho-p38 in the CeA and induced visceral pain in stress-naïve rats.

Minocycline is used commonly to inhibit microglial activation. However, minocycline also has been reported to directly affect neurons.[@bib32]^,^[@bib49]^,^[@bib50] Multiple lines of evidence have shown the role of minocycline in protecting neurons from apoptosis via inhibiting p38 MAPK activity.[@bib30], [@bib31], [@bib32]^,^[@bib51]^,^[@bib52] Our observation of increased neuronal p38 MAPK activity in the CeA raises the possibility that minocycline could have inhibited visceral hypersensitivity through an attenuation of neuronal apoptosis via a direct inhibition of p38 MAPK activity. Therefore, we applied apoptosis analysis in WAS and SHAM animals. According to our apoptosis analysis, WAS did not cause significant cell death in the CeA. Thus, it is unlikely that minocycline attenuated WAS-induced visceral hypersensitivity by protecting neurons from apoptosis.

During episodes of stress the body responds by releasing CORT, which serves as the ligand for GR and triggers GR translocation from the cytoplasm to the nucleus to regulate gene expression.[@bib53] Previous studies have associated dysfunction of GR within the microglia with microglial morphologic change and microglia-mediated neuronal remodeling.[@bib20]^,^[@bib54], [@bib55], [@bib56] Here, we report that repeated exposure to a WAS compromises microglial GR translocation to the nuclei in the CeA. Our laboratory already has shown that global knockdown of GR in the CeA induced visceral hypersensitivity in stress-naïve rats,[@bib39]^,^[@bib41]^,^[@bib57] however, the cellular mechanism of GR-mediated visceral pain was not investigated previously. Data from the current study suggest that a decreased ratio of microglial nuclear GR in the CeA may represent one of the mechanisms underlying stress-induced visceral hypersensitivity. Interestingly, phospho-p38 MAPK negatively regulates GR nuclear translocation by directly blocking the GR ligand-binding domain.[@bib21]^,^[@bib27]^,^[@bib58] Thus, we hypothesize that the observed p38 MAPK activation in the microglia contributes to the GR cytoplasmic accumulation after exposure to chronic stress. This hypothesis is supported by our observation of reversed GR cytoplasmic accumulation in animals exposed to WAS after infusion of minocycline, which inhibited p38 MAPK activation in the CeA.

Activated microglia are able to regulate neuronal activity through the modification of synaptic plasticity.[@bib28]^,^[@bib59] We examined microglial engulfed postsynaptic spines in the CeA after WAS, and found increased PSD95-positive puncta in microglia, suggesting that deramified microglia increased their ability to contact and modify postsynaptic structures. Microglia contact and survey dendrite synapses in the healthy brain to maintain the proper function of synapses in neuron--neuron communication, whereas in the diseased brain, activated microglia have been associated with the loss of synapses.[@bib20]^,^[@bib28]^,^[@bib60], [@bib61], [@bib62], [@bib63] In our model, increased microglial engulfment of synaptic spines in the CeA combined with the observation of increased visceral sensitivity suggested an association between microglia-mediated neuronal remodeling in the CeA with the development of visceral hypersensitivity after exposure to chronic stress. In support, minocycline infusion into the CeA decreased microglia-mediated synaptic remodeling and decreased the visceromotor behavioral response to luminal distension, which further suggests a relationship between the functional plasticity of amygdala microglia with stress-induced visceral pain.

In addition to direct synaptic remodeling, activated microglia also regulate neuronal function by releasing inflammatory cytokines. Previous studies have shown increased proinflammatory cytokines in the hippocampus, prefrontal cortex, and hypothalamus after exposure to various forms of stress including footshock, restraint, or chronic stress induced by randomized exposure to water/food deprivation, temperature change, or swimming in cold water.[@bib35]^,^[@bib36]^,^[@bib64] We therefore examined the levels of 3 major proinflammatory cytokines in the CeA released by microglia, and our finding showed no change in TNFα, IL1β, or Il6 mRNA, or protein levels in the CeA after exposure to chronic WAS. A potential explanation for why exposure to WAS induces microglial morphologic changes in the CeA without increasing the release of proinflammatory cytokines may be that WAS is considered to be a more psychological stress model whereas footshock, restraint, and chronic mild stress models all include physical components. However, we cannot exclude the possibility of changes in the expression of other inflammatory cytokines, or that a change in inflammatory cytokines occurred at a time point different than at the time we conducted our analysis.

In conclusion, our new data highlight the mechanism by which chronic psychological stress causes microglial deramification within the amygdala. Hippocampal and hypothalamic microglia have been associated with neonatal colorectal distension-induced visceral hypersensitivity in adults,[@bib65]^,^[@bib66] and we report that chronic psychological stress increases microglia-mediated synaptic remodeling to induce visceral pain via activation of p38 MAPK and inhibition of GR signaling without altering proinflammatory cytokine levels in the CeA. In summary, our study provides new insights into the supraspinal central pain circuitry modulated by exposure to chronic stress. A caveat in the interpretation of the current study is that all experiments were performed in male animals and thus directly extrapolating our findings to females requires further study. However, our findings are consistent with the view that stress has profound effects in the brain--gut axis, and that microglial plasticity and microglia-mediated synaptic remodeling participate in the pathogenesis of chronic stress-induced visceral pain.

Methods {#sec3}
=======

Animals {#sec3.1}
-------

Male Fischer 344 rats (weighing 250--350 g; Charles Rivers Laboratory, Wilmington, MA) were used in all experiments. This strain was chosen specifically for their inability to habituate to repeated chronic stress.[@bib8] Rats were double-housed unless they underwent stereotaxic surgery, after which animals were single-housed. All experiments were approved by the University of Oklahoma Health Sciences Center Institutional Animal Care and Use Committees under protocol 16-122-SS.

WAS {#sec3.2}
---

Rats were placed on a square platform (7 × 7 × 9 cm) mounted in the center of a white transparent plastic container (40 × 50 × 32 cm), which was filled with room temperature fresh tap water (25°C) to 1 cm below the surface of the platform (WAS), or kept empty (SHAM). The animals were exposed to this paradigm for 1 hour each day for 7 consecutive days, as described previously.[@bib6]^,^[@bib7] The FPO of each animal was counted manually at the end of each session. The daily FPO and the average FPO of each animal through 7 days of WAS/SHAM was analyzed. On day 8, rats were subjected to colonic sensitivity assessment or tissue collection.

VMR to Tonic CRD {#sec3.3}
----------------

Colonic sensitivity was measured using a similar protocol as described previously.[@bib6] In brief, after an overnight fast, a 5-cm latex balloon (Trojan ENZ; Church & Dwight Co, Inc, Princeton, NJ), was inserted 11-cm into the proximal colon under isoflurane anesthesia (2% inhalation, Isothesia; Henry Schein, Dublin, OH) and secured to the base of the tail with hypoallergenic silk tape. In freely moving rats, the number of abdominal contractions to colonic balloon distension was assessed visually to determine colonic sensitivity. The tonic CRD procedure consisted of series of constant pressure of 20, 40, or 60 mm Hg (10 min/distension, presented in a random order) with a 10-minute rest period (0 mm Hg) between distensions. The number of abdominal contractions was counted by an experimenter blinded to the treatment.

Stereotaxic Surgery and Minocycline/Fractalkine Infusion {#sec3.4}
--------------------------------------------------------

Rats were anesthetized with isoflurane (2% inhalation). Cannulas (26-gauge; Plastics One, Roanoke, VA) were implanted with coordinates (from bregma -2.5 mm anterior-posterior, ±4.2 mm) medial--lateral, -7.0 mm dorsal--ventral, as previously described.[@bib67] After recovering for 7 days from surgery, rats were infused with minocycline (10 μg/μL, M9511; Sigma, St Louis, MO), fractalkine (20 ng/μL; R&D Systems, Minneapolis, MN) or vehicle (artificial cerebrospinal fluid) into CeA for 5 minutes (100 nL/min) under anesthesia (2% isoflurane inhalation). The concentration and infusion volume of minocycline and fractalkine were determined based on previously published studies.[@bib8]^,^[@bib18]^,^[@bib57]^,^[@bib68] The rats were allowed to recover for 1 hour and then subjected to 1 hour of WAS or SHAM. This infusion/recovery/WAS (or SHAM) procedure was repeated for 7 consecutive days. On day 8, rats were subjected to colonic sensitivity assessment followed by death and tissue (brain) collection.

Immunofluorescence {#sec3.5}
------------------

Rats were anesthetized and perfused with phosphate-buffered saline (PBS) followed by 4% paraformaldehyde in PBS. The brain was collected and postfixed overnight in 4% paraformaldehyde at 4°C and cryoprotected with 30% sucrose solution in PBS. Nonconsecutive cryosections (8 μm) were collected and stained with specific antibodies ([Table 2](#tbl2){ref-type="table"}). Secondary antibody only controls of immunofluorescence were conducted following the same protocol without primary antibodies and sections were imaged under the same microscopy settings as experimental sections from the same animal.Table 2List of Primary AntibodiesAntibodyDilutionHostCompanyResearch Resource IdentifierIba11:300RabbitWako (Richmond, VA)N/APhospho-p381:100MouseCell Signaling (Danvers, MA)[AB_331296](nif-antibody:AB_331296){#intref0010}Phospho-p381:100RabbitCell Signaling[AB_331641](nif-antibody:AB_331641){#intref0015}PSD951:100MouseThermoFisher (Waltham, MA)[AB_2092361](nif-antibody:AB_2092361){#intref0020}NeuN1:200MouseMillipore Sigma (Burlington, MA)[AB_2298772](nif-antibody:AB_2298772){#intref0025}GFAP1:200MouseMillipore Sigma[AB_11212597](nif-antibody:AB_11212597){#intref0030}GR1:50MouseInvitrogen (Carlsbad, CA)[AB_325427](nif-antibody:AB_325427){#intref0035}[^3]

Image Analysis {#sec3.6}
--------------

Images for microglial morphology and phospho-p38 expression were captured with an AxioVert 200m Inverted Fluorescent microscope (Zeiss, Jena, Germany). For morphology, 3 z-stack images (21 slices per image, 6 μm in total thickness) were taken for each animal from 3 noncontinuous sections. The microglial subtypes were analyzed by an investigator blinded to the treatment. The soma size and area occupied by microglial processes were measured using ImageJ/Fiji software (National Institutes of Health Bethesda, MD).[@bib24]^,^[@bib69]^,^[@bib70] For phospho-p38 expression, 3 single-stack images were taken from 3 noncontinuous sections of each animal. The quantification was presented as the volume% of phospho-p38--positive pixels in Iba-1--positive cells.

For GR localization and PSD-95--positive puncta in the microglia, z-stack images were acquired (14 slices, 6.15 μm in total thickness) with a Zeiss LSM-710 confocal microscope under 63× objective in 2× zoom (GR expression) or 3× zoom (PSD95). For GR localization, 6--8 microglia from 3 noncontinuous sections were analyzed for each animal. Cytoplasmic and nuclear microglial GR expression was determined by Fiji as a ratio of GR-positive pixels in the cytoplasm (colocalized with Iba-1) vs GR-positive pixels in the nucleus (colocalized with 4′,6-diamidino-2-phenylindole) in all z-stack slices. PSD-95--positive puncta in each microglia were counted through entire z-stacks of each image. Six to 10 microglia from 3 noncontinuous sections were analyzed for each animal. For both GR and PSD-95 expression, cells were chosen randomly from both the left and right CeA of each section. Slides were coded and the experimenter was blinded to the treatment.

Quantitation of Proinflammatory Cytokine mRNA Levels {#sec3.7}
----------------------------------------------------

On day 8, the CeA was isolated as described previously.[@bib57] IL1β (Rn00580432; Applied Biosystems, Foster City, CA), TNFα (Rn01525859; Applied Biosystems), and IL6 (Rn01410330; Applied Biosystems) mRNA expression level by real-time PCR using TaqMan Gene Expression Essay Master Mix (Applied Biosystems) with rat glyceraldehyde-3-phosphate dehydrogenase (cat. 4352338E; Applied Biosystems) as the internal reference gene. Fold change in mRNA expression was calculated using the 2(-Delta Delta C(T)) method.[@bib71]

Luminex Analysis {#sec3.8}
----------------

In another cohort of animals, total protein was extracted from isolated CeA using the Bio-plex cell lysis kit (cat. 171304011; Bio-Rad, Hercules, CA). Total protein concentrations were determined with the Pierce BCA protein assay kit (cat. 23225; Thermo Fisher, Waltham, MA). The 23 cytokine levels were measured using the Bio-Plex Pro Rat Cytokine 23-Plex Assay kit (cat. 12005641; Bio-Rad) on the Bio-Plex 200 system (Bio-Rad) following the manufacturer's instructions.

Apoptosis Analysis {#sec3.9}
------------------

Cryosections (8 μm) from perfused brain tissue were used for apoptosis analysis following the protocol of the ApopTag Peroxidase *In Situ* Apoptosis Detection Kit (cat. S7100; Millipore Sigma, Darmstadt, Germany). Three nonconsecutive sections per animal were analyzed. Images were taken using a Zeiss AxioVert 200m inverted fluorescent microscope with a 20× objective.

Statistical Analysis {#sec3.10}
--------------------

Statistical analysis was performed using GraphPad Prism version 8.0 (GraphPad Software, La Jolla, CA). All data were presented as the means ± SD. Changes in response to colonic distension and microglia subtype ratios were analyzed by 2-way analysis of variance (ANOVA) followed by the Tukey multiple comparison post-test. Differences in daily FPO were determined by 2-way ANOVA with the Bonferroni post-test, whereas the average FPO, mRNA, and protein expression levels between the SHAM and WAS groups were determined by an unpaired Student *t* test. The significance of immunofluorescence data was detected by 1-way ANOVA (phospho-p38 and PSD95 expression) and 2-way ANOVA (GR expression) with the Bonferroni post-test. *P* values shown in the Results section represent the post hoc comparison between specific groups. A *P* value less than .05 was considered statistically significant.
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[^1]: NOTE. Values of cytokine levels are in pg/mg total protein. Means ± SD are shown. n = 6/group. Statistics were assessed by unpaired *t* test.

[^2]: GCSF, granulocyte-colony stimulating factor; GMCSF, granulocyte-macrophage colony-stimulating factor; GRO KC, growth related oncogene; MCP-1, monocyte chemoattractant protein-1; MCSF, macrophage colony-stimulating factor; MIP, macrophage inflammatory proteins; RANTES, regulated on activation, normal T cell expressed and secreted.

[^3]: GFAP, glial fibrillary acidic protein; NeuN, Neuronal Nuclei.
